New composite materials were developed for application in chemical heat storage (CHS) systems based on the calcium oxide/water/calcium hydroxide (CaO/H2O/Ca(OH)2) reaction. It was found that the mixtures of expanded graphite (EG) and Ca(OH)2 enhance the reaction performance and moldability, which are important factors for the application in a packed-bed CHS heat exchanger. The reaction kinetics was investigated by thermogravimetric analysis. The maximum mean heat output of a mixture containing 11 wt% EG was 1.76 kW (kg-material) −1 , which is twice as high as that of the pure Ca(OH)2 (0.85 kW (kgmaterial) −1 ). A repetitive dehydration-hydration experiment was carried out and it was confirmed that the positive effect of EG was preserved during the investigated 10 cycles. Therefore, based on our results, these composite materials can enhance the thermal performance of the CaO/H2O/Ca(OH)2 reaction cycle in CHS systems.
Introduction
Over the past hundred years, energy consumption of the world has steadily increased because of population growth and technological development. However, our society became heavily dependent on fossil fuels, which comprises about 86.7% of our primary energy consumption 1) and sustains our economic activities. As a consequence, energy supply and environmental problems have become quite serious, and technologies to increase energy efficiency and to reduce carbon dioxide emissions are necessary for realizing a sustainable society. The iron and steel industry is the most important industrial sector where energy consumption and CO 2 emission should be decreased. According to the International Energy Agency (IEA), the iron and steel industry accounts for approximately 4-5% of the total world CO 2 emission 2) and 10-15% of annual industry energy consumption. 3) In order to decrease CO 2 emissions, an active carbon recycling energy system (ACRES) is proposed. 4, 5) The goal of this study is to reach zero carbon dioxide emission during the steel and iron production.
The principle of ACRES consists of three elements. CO 2 generated in the blast furnace is separated from the blast furnace gas in the carbon capture storage (CCS) and feed into the solid oxide electrolysis cell (SOEC). CO 2 is decomposed to CO in SOEC driven by heat supplied from a hightemperature gas reactor (HTGR). The generated CO can be re-used in the reduction of metal oxides and industrial raw materials. The proposed ACRES system with HTGR represents a new energy-efficient industrial process due to its low CO 2 emission.
Chemical heat storage (CHS) could potentially increase the energy efficiency of the ACRES system since it can be used to store heat and to reuse waste heat during iron and steel production. Notably, CHS systems can store energy for long periods with energy densities higher than that of conventional heat storage systems that use sensible or latent heat. In this work, a calcium oxide/water/calcium hydroxide (CaO/H 2 O/Ca(OH) 2 ) reaction system was investigated as a possible chemical heat storage system. The dehydration of Ca(OH) 2 and the hydration of CaO shown in Eq. (1) correspond to the heat storage and heat output operations. The advantages of this reaction system are that both CaO and H 2 O are low-cost materials, the heat storage density of Ca(OH) 2 is relatively high among the group 2 element 6) metal hydroxides, and Ca(OH) 2 decomposes quickly into CaO at temperatures over 450°C under atmospheric pressure. This decomposition temperature matches well with the target temperature for the storage of waste heat generated during the iron and steel production, for example, in the sintering furnace and continuous casting line. 7) Stored heat can be utilized to preheat the CO 2 feed before it enters the SOEC in the ACRES system in order to decrease the HTGR load.
CHS systems based on CaO/H2O have been investigated previously. [8] [9] [10] Most studies focused on clarifying the reaction mechanism rather than exploring practical applications; thus, information on the latter is limited. We focused our work on the development of materials for practical applications. There are two principal requirements regarding the materials used in the CHS systems: 1) enhanced reaction performance and 2) moldability for efficient heat exchange. Moldability of the packing materials is an important factor when designing a practical packed-bed CHS reactor. An enhanced contact between the heat storage material and the heat-exchanging surface of the reactor is required, as it increases thermal conductivity and performance. To fulfill these requirements, many materials have been investigated, including expanded graphite (EG), carbon fibers, metal forms (Cu, Ni), resins, aluminum hydroxides, and metal fins or tubes. 11) In the present work, the mixture of EG with Ca(OH)2 was investigated to enhance heat transfer and reactivity. EG exhibits several advantageous properties such as high thermal conductivity, low bulk density, large surface area, chemical stability, and moldability. Furthermore, owing to its low cost compared to other materials, EG is expected to be easily available in large quantities. It was reported that both heat transfer and reactivity of gas-solid reactants were improved upon mixing the reactants with EG. 11, 12) Spinner et al. investigated an adsorption heat pump system based on a calcium chloride (CaCl2)/water (H2O) reaction system. 13) They used EG as a support for loading reactants in the packed bed reactor and compared their analytical model with the experimental results. Fujioka et al. conducted experiments in order to obtain information on the thermophysical properties and reaction characteristics of the composite reactant of calcium chloride and expanded graphite. 14) Their reactants, CaCl2/H2O, were used for generating cold heat utilizing solar thermal energy. In the present study, CaO/H2O was used for recycling waste heat with a corresponding temperature of >450°C. In other words, target temperatures for heat storage and heat output are different for CaCl2/H2O and CaO/H2O systems. However, the quantitative evaluation of the influence of EG on the CaO/H2O reaction system has not been described in the literature. Moreover, it has not been clear an effect of EG on reaction durability although a stable reaction performance is important for practical application. Therefore, a composite material comprising Ca(OH)2 and EG was developed and reaction kinetics was studied by thermogravimetric methods. The purpose of the present study is to provide quantitative information on the effects of EG on the CaO/H2O reaction system and on the repetitive reaction.
Experimental Apparatus and Method

Sample Preparation
The EG was prepared by heating expandable graphite flakes (SS-3, Air Water, Inc.) in a crucible placed in an electric furnace at 900°C for 10 min. Digital microscope photos of the EG precursor and EG are shown in Fig. 1 . Pure Ca(OH)2 (1.00 g, purity > 99.9%, Wako Pure Chemical Industries) was dispersed in ethanol (4.0 mL) with ultrasonication. EG was combined in various ratios with the Ca(OH)2 dispersion, and the mixture was stirred with a glass rod for 10 minutes. Then, the mixture was dried for 1 hour in an electric furnace at 120°C to produce the final product powder. The mixtures are referred to as ECα, where α represents the mass ratio of EG and Ca(OH)2. For in EC8, the EG/Ca(OH)2 mass ratio was 1:8. In this study, we prepared and studied EC1, EC4 and EC8 composites. The Scanning electron microscopy (SEM) images of EG and EC1 are shown in Fig. 2 . The sample masses are shown in Table 1 for duplicate experiments (1st and 2nd).
Experimental Apparatus
Thermogravimetric analysis (TGA) was applied to measure changes in the sample mass with respect to temperature; the apparatus is shown in Fig. 3 . A sample charged in a cell was set in a thermobalance (TG-9600, ULVAC Riko, Inc.). The cell is made of platinum and the volume is 628 μl.
After the pretreatment, the temperature was kept constant in the thermobalance. Materials were dehydrated in a flow of dry argon at 100 mLmin −1 at a specified temperature. Hydrations were carried out at a partial vapor pressure of 57.8 kPa, which was achieved by mixing argon with vapor generated in a glass-bead bed reactor. SEM images were obtained with 
Performance Evaluation
Reaction conversion was calculated using Eq. (3), where x is the reaction conversion; Δm represents the mass change of the sample upon reaction [ Before the measurement, all samples were heated to 900°C, because they contained calcium carbonate (CaCO 3 ) formed by reaction with atmospheric carbon dioxide (CO 2 ) during preparation. During this pretreatment, CaCO 3 is decomposed to CaO and CO 2 , and the latter is removed from the sample. An example of the mass changes during pretreatment and the first hydration is shown in Fig. 4 . m Ca(OH)2 was calculated from Eq. (4). Δm H2O and Δm CO2 indicate the mass changes of the sample due to dehydration and decarboxylation, respectively. Both were measured during the TGA pretreatment as shown in the figure. M CO2 [g mol −1 ] indicates the molecular mass of CO 2 . At a reaction time (t) of 60 min, water vapor was introduced into the cell, and the mass change (Δm) was measured (Fig. 5) . 
Results and Discussion
Reactivity of Composites
The TGA temperature profile applied during the analysis is shown in Fig. 5 . In the figure, t H indicates the hydration time, which is the elapsed time from t = 50 min, and t D indicates the dehydration time, which is the elapsed time from t = 80 min. After pretreatment, hydration and dehydration reactions were conducted at 460°C. The vapor pressure during hydration was kept below 57.8 kPa, and lowered to 0.0 kPa during dehydration. The reaction conversion, x, and conversion change rate, Δx/Δt [s −1 ], were calculated based on the measured mass changes during the reactions. Δx/Δt was calculated from the change in x during a period of 60 s. The experiment was conducted twice and the averaged data was used for the calculations.
Results obtained during the hydration reaction of EC1, EC4, and EC8 powders and pure Ca(OH) 2 are shown in Fig.  6(a) . EC1 exhibited the highest reaction rate and pure Ca(OH) 2 the lowest. The highest values of conversion change rate (Δx/Δt) obtained for EC1, EC4, EC8, and Ca(OH) 2 were 2.2×10 , and 4.7×10 −3 , respectively. Among all the samples, the EC1 powder exhibited the highest maximum Δx/Δt value. Figure  6 also shows that EC1 had the best kinetic performance both in hydration and dehydration. The above results reveal that the higher EG content in the EC composite results in higher reactivity.
The effect of EG on the hydration reaction was larger than that on dehydration. This observation can be explained by the different reaction mechanisms. CaO/H 2 O hydration is a gas/solid reaction, thus, the reaction occurs on the interface of the reacted and unreacted area. In the hydration reaction, vapor moves from the outside of the sample towards the inside. During the reaction, the pore diameter becomes smaller due to the differences in the specific volume of Ca(OH)2 (0.45 cm 3 /g 15) ) and CaO (0.29 cm 3 /g 16) ). Therefore, vapor diffusion into the unreacted area is hindered. In addition, the measured vapor pressure difference between the inside and the outside of the sample was found to be smaller for hydration than for dehydration. Hence, the effect of vapor diffusion resistance on hydration reaction can be larger than on dehydration.
Based on its high thermal conductivity and porous structure, addition of EG improves the thermal conductivity and dispersity of materials. The pores in EG are separated from each other by thin graphite layers. The Ca(OH)2 particles incorporated in the structure are separated by graphite layers as well (shown in Fig. 2(b) ). Due to its porous structure, the vapor diffusion resistance can be improved when EG is added to the composite. The diffusivity into the reacted area is affected by the ratio of CaO particles located side by side. The density of the reacted area becomes high as the ratio increases since the bulk density of EG (0.2×10 -1 g/ml) is smaller than that of CaO (5.2×10 -1 g/ml) and Ca(OH)2 (5.8×10 -1 g/ml). Addition of EG can decrease the density and increase the surface area between CaO particles and vapor atmosphere. By contrast, dehydration rate is not affected by vapor diffusivity in the reacted area (CaO). In this case, the reacted area is porous and has a high surface area because the vapor generated in the inside of the sample passes through it. 17) Moreover, the vapor pressure difference we measured was larger during dehydration than during hydration. This result confirms that the dehydration rate was driven by heat transfer rather than by mass transfer. Hence, due to its high thermal conductivity, dehydration rate of EC was higher than that of Ca(OH)2.
In summary, addition of EG to the composite enhanced the hydration reaction due to the improved heat transfer and vapor diffusivity. On the other hand, improved thermal conductivity was the main advantage during the dehydration. Therefore, the effect of EG was different on the dehydration and hydration reactions.
The Woutput calculation results are shown in Fig. 7(a) . In this figure, Woutput was initially unstable due to the variable vapor supply. Thus, the first data (tH < 1 min) were ignored. It was found that EC8 exhibited the highest Woutput among the studied materials. The highest Woutput values for EC1, EC4, EC8, and Ca(OH)2 were 1.73, 1.91, 2.32, and 1.29 kW (kg-material) −1 , respectively, which shows that the Woutput of EC8 was twice as high as that of pure Ca(OH)2. The Wstorage calculation results are shown in Fig. 7(b) . The Wstorage of pure Ca(OH)2 was the highest among the four materials, although it was very similar to that of EC8. The highest Wstorage values obtained for the EC1, EC4, EC8, and Ca(OH)2 powders were 4.58, 5.41, 7.02, and 7.18 kW (kgmaterial) −1 , respectively. As one can see, the positive effect of EG in the dehydration reaction was smaller than in the hydration. This smaller effect might account for the lower Wstorage values of the EC composite powders compared to the pure Ca(OH)2.
Repetitive Dehydration-hydration
Ten cycles of repetitive dehydration-hydration reaction of the EC composite powders were examined. After pretreatment, the mass changes were measured at 450°C throughout the cyclic operation. The vapor pressure was 57.8 kPa during hydration and 0.0 kPa during dehydration. For a single cycle, the hydration and dehydration times were both set to 15 min.
Conversion change at each cycle of EC8 and pure Ca(OH)2 are shown in Fig. 8 . The conversion change values of EC8 and Ca(OH)2 were 0.99 and 0.99 in the 1st cycle, and 0.81 and 0.82 respectively in the 10th cycle. In both materials, about 20% of Ca(OH) 2 remained unreacted after the 10th cycle. This can be caused by the decreasing hydration rate. Hydration rate became too slow to be compled in vapor supplying term (15 min) as reaction cycle increased. As a consequence, the conversion change at each cycle decreased. Figure 9 shows the particle morphology of pure Ca(OH)2 before the 1st and after the 10th cycles. The SEM images revealed that the morphology dramatically changed during the 10 cycles. The particle size decreased from 0.2-1 μm (after pretreatment) to 0.1-0.3 μm after the 10th cycle. The same phenomenon was confirmed in case of EC8 (Fig. 10) . Pulverization of Ca(OH)2 during repetitive reaction was also reported by Schaube et al. 8) It is also known that dehydration of Ca(OH)2 causes a decrease in the particle size and an increase in the surface area. 17) J. Yin reported that hydration induces swelling of the particle due to larger molar volume of Ca(OH)2 than that of CaO which cracks and exposes the unreacted CaO and that dehydration of Ca(OH)2 to CaO is responsible for further shell breakage, increasing surface area and pore volume. 18) Therefore we presume that the observed phenomena may be the result of particle micronization caused by the volume change between Ca(OH)2 and CaO in each cycle.
In order to compare the reaction rate constants k [s -1 ] of hydration and dehydration at each cycle, the least square method was applied on the conversion change (0.2<x<0.8). Figure 11(a) shows the reaction rate constant (k) of hydration in each cycle. The k value of EC8 and Ca(OH)2 were 0.64 and 0.38 in the 1st cycle, and 0.18 and 0.14 respectively in the 10th cycle. As it is apparent, the hydration rates of both samples were halved in 10 cycles. The reaction rate constants of dehydration are shown in Fig. 11(b) . The values of k [s -1 ] for EC8 and Ca(OH)2 were 0.39 and 0.34 in the 1st cycle, and they are 0.41 and 0.30 in the 10th cycle, respectively. The latter results show that the dehydration rate was almost constant during the 10 cycles.
We found that the hydration and dehydration reactions exhibited different behaviors during the 10 cycles. We presume that pulverization of particles during the cycles had more negative influence on the hydration than on the dehydration. As mentioned earlier, hydration rate is affected by vapor diffusivity through the pores. Pulverization of particles causes a decreased pore size. Thus, the hydration rate decreased due to the increased vapor diffusion resistance. On the other hand, dehydration is not controlled by vapor diffusivity. Therefore, the particle pulverization affected the dehydration rate less than the hydration rate.
Conclusion
Three composite materials with different EG and Ca(OH)2 mass ratio were prepared and their properties were investigated with thermogravimetry. Owing to the enhanced heat transfer properties of EG, the composites showed accelerated hydration and dehydration reactions. Among the examined materials, EC1 exhibited the highest reaction rates during hydration and dehydration as well. Although the mean heat storage of EC8 and pure Ca(OH)2 were very similar, the mean heat output of EC8 was twice of that of pure Ca(OH)2.
In the repetitive dehydration-hydration cycles, we observed a constantly decreasing effect of the EG in the hydration reaction due to particle pulverization. Nevertheless, the positive effect remained constant in the dehydration reaction during the examined 10 cycles.
Thus, it was demonstrated that EG enhances the reaction performance and the recycling of reactants in CHS systems.
